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Many organisms living on the earth have an internal clock which drives oscillations in 
behavior and physiology, such as sleep-wake cycles and body temperature, with a period of 
about 24-hr. In mammals, the endogenous clock is orchestrated by the master clock in the 
suprachiasmatic nucleus (SCN) of the hypothalamus, whose coherent output signal 
synchronizes cellular clocks throughout the body. We are not aware of this system in routine 
life because it is completely synchronized with environmental light-dark cycles. However, , 
when travelling rapidly across multiple time zones, jet-lag symptoms arise due to the 
temporal misalignment between the internal circadian clock and external solar time. 
Recently, our laboratory has revealed that mice genetically deficient in arginine vasopressin 
(AVP) receptors V1a and V1b (V1a–/–V1b–/– mice) are resistant to jet lag; circadian rhythms 
of locomotor activity, clock gene expression, and body temperature in V1a–/–V1b–/– mice 
reentrained immediately after 8-hr phase advance of light/dark (LD) cycles, whereas those in 
wild-type (WT) mice needed 8-10 days for reentrainment.  
It is known that mammalian endogenous circadian rhythmicity is precisely entrained to 
the 24-hr day/night cycle by periodic environmental light cues. Here we investigate role of 
environmental light on the recovery from jet-lag by examining the immunoreactive levels of 
a transcriptional regulatory protein, c-Fos, a marker of neuronal activity, in the 
suprachiasmatic nuclei of C57BL wild type (WT) animals and V1a–/–V1b–/– mice. Our results 
suggest that the new light-dark schedule acts on the SCN neurons not after the complete 
recovery but during the process of recovery in jet lag. 
 
Chapter 1. Expression of clock genes in SCN neurons under experimental jet lag 
condition. 
I examined the expression of clock genes at cell level in the SCN by in situ hybridization 
using digoxigenin-labeled probes. Before light-dark (LD) phase advance, circadian 
expression of Per1, a core clock gene, in the WT and V1a–/–V1b–/– SCN were quite similar; 
Per1 expression was seen in the periventricular part of dorsomedial (DM) part of the SCN at 
ZT2 (ZT stands for Zeitgeber time used in LD cycle; ZT0 is lights-on and ZT12 is lights-off) 
and across the SCN at ZT6, while very few Per1-positive cells were found at ZT14-22 
(nighttime). However, Per1 expression was damped during the process of jet lag. Moreover, 
Per1 was moderately expressed in retino-recipient ventrolateral (VL) part of the SCN of WT 
 mice in the nighttime at day 1, 2, and 3 after LD phase advance. At day 9, circadian 
expression of Per1 gene recovered in WT SCN, while it took only 3 days in V1a–/–V1b–/– 
SCN. Next, I checked circadian expression of Dbp, a clock output gene. Dbp was expressed 
in many neurons in the daytime, but was almost not expressed in the nighttime both in WT 
and V1a–/–V1b–/– SCN before LD phase advance. Similar to Per1 expression, Dbp was 
observed only in VL at ZT4 and was moderately expressed in WT SCN in the nighttime at 
day 1, 2, and 3 after LD phase advance. Circadian expression of Dbp recovered at day 9 in 
WT SCN, while it needed only 3 days in V1a–/–V1b–/– SCN. These results clearly 
demonstrate that clock gene rhythms in V1a–/–V1b–/– SCN reentrained faster than those in 
WT SCN. Furthermore above findings suggest that cellular rhythms were damped during the 
recovery of jet-lag conditions. 
 
Chapter 2. c-Fos immunoreactivity in the SCN under jet lag condition. 
To examine light responsiveness in the SCN under jet lag condition, I performed 
immunohistochemistry using antibody against c-Fos. At first, I examined c-Fos 
immunoreactivity in WT SCN around the clock at day 1 after LD phase advance, and found 
that the number of c-Fos-positive cells was largest at 1-hr after light-on (ZT1). Next, I 
counted the number of c-Fos-positive cells at ZT1 before and after LD phase advance (until 
day 8 and day 5 for WT and V1a–/–V1b–/– SCN, respectively). The number of c-Fos-positive 
cells was largest at day 1 under jet lag condition. Interestingly, statistically more c-Fos-
positive cells were observed at day 2-5 compared with those before LD phase advance in 
WT SCN. V1a–/–V1b–/– SCN also showed the dramatic increase in c-Fos-positive cells at day 
1, but the number decreased rapidly and there was no statistic difference at day 3 after LD 
phase advance compared with those before LD phase advance. These results indicate that 
light responsiveness continues until day 5 in WT SCN, while it does only 2 days in V1a–/–
V1b–/– SCN under jet lag condition. 
 
Conclusion 
In this study, I obtained the results that clock gene expression and cFos expression was 
observed in the retino-recipient area of the SCN during the recovery process of the jet lag. 
However, these cells still showed c-Fos immunoreactivity at day 5, suggesting that retino-
recipient cells in the SCN reentrained at day 6 after the beginning of jet lag. Whole WT SCN 
recovered at least day 9 after LD phase advance. Light responsiveness continues until day 5 
in WT SCN, although that in V1a–/–V1b–/– SCN finished at day 3 after the initiation of jet lag. 
These results indicate that V1a–/–V1b–/– signaling has a key role in the speed of reentrainment 
under jet lag condition, and highlight importance as a therapeutic target for management of 
circadian rhythm misalignment, such as jet lag. 


















受容体であるV1aとV1bのダブルノックアウトマウス（V1a– /– V1b– /– マウス）が、時差
環境下において新しい明暗環境に対して極めて迅速に再同調し、全く時差症状を示さ
ないことを見いだした。この時差の無いV1a– /– V1b– /– マウスを利用した研究は、時差
の分子神経機構を解明するには、非常に有用であると考えられる。 
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